We present a spectroscopic study of transparent forsterite nanocrystalline glass-ceramic doped with chromium, a promising active medium for near-infrared fiber-optic applications. Absorption, emission, excitedstate absorption spectra, and continuous function decay analysis of luminescence decay reveal the presence of Cr 3ϩ and Cr 4ϩ centers in both glass and crystal phases. The optical behavior of Cr 3ϩ and Cr 4ϩ centers is discussed and compared with that in bulk forsterite crystals.
INTRODUCTION
The identification of tetravalent chromium (Cr 4ϩ ) as a lasing ion in chromium-doped forsterite (Cr:Mg 2 SiO 4 ) and YAG, 1, 2 operating in the near-infrared spectral range, has generated a search for other materials that exhibit strong Cr 4ϩ luminescence. Weak or nonexistent luminescence owing to strong nonradiative relaxation proved to be a major problem for most Cr 4ϩ -doped materials. Since the late 1980s, tunable laser operation in the nearinfrared range has been demonstrated for a limited number of new Cr 4ϩ -activated crystalline materials 3, 4 characterized by weak nonradiative relaxation and low excitedstate absorption.
In contrast to single crystals, Cr 4ϩ -doped glasses always possess extremely strong nonradiative properties, which in most cases completely eliminate the radiative emission and laser action. Glasses, however, are excellent materials for fiber-optic and waveguide device fabrication. The synthesis of glass-ceramic that combines the favorable radiative properties of Cr 4ϩ -doped crystals with the technological advantages of glasses is expected to yield new efficient materials for fiber-optic applications. Excellent transparent optical-quality glass-ceramic with nucleated chromium-doped forsterite crystallites has recently been fabricated in bulk and fiber form. This new system displays luminescence similar to that of a single crystal. 5 In this paper a detailed investigation of the spectral absorption and emission properties and the excited-state absorption and relaxation dynamics of Cr 3ϩ and Cr 4ϩ centers in transparent glass-ceramic is presented, and a comparison with bulk forsterite crystals.
EXPERIMENT
Preparation of transparent glass-ceramic is emerging as one of the most important technological applications of the phase separation phenomena successfully developed by Corning. It was found that phase separation occurs on a nanoscale level in a SiO 2 -Al 2 O 3 -MgO-K 2 O system. Some of the best compositions were mostly leucite (KAlSiO 6 ), which contains ϳ30 wt. % forsterite. 5 The MgO-rich amorphous phase crystallizes to forsterite when these glasses are reheated, yielding a translucent glassceramic. Good transparency of the glass-ceramic was achieved by addition of ϳ5% TiO 2 , a well-known nucleating agent. These glasses were batched with standard low-iron materials and doped with Cr as CrO, Cr 2 O 3 or K 2 Cr 2 O 7 , up to ϳ0.7 wt. %. They were then melted in Pt crucibles at 1600°C, cast into patties, and annealed at 650°C. Crystallization was controlled to nanoscale dimensions by a two-stage thermal treatment with a nucleation hold near 750°C and a growth hold near 900°C. A transverse-electric microscope image of the glass-ceramic is shown in Fig. 1 . The size of the forsterite nanoparticles was less than 50 nm. Measurements of loss, performed on a multimode fibers, show that for such small crystal sizes, total losses (absorption and scattering) in this system are fairly low, well below 0.05 dB/cm in the range of Cr 4ϩ emission, which is 1200-1700 nm. Forsterite belongs to the D 2h 16 space group. In Pnma notation, which indicates a rectangular (␣ ϭ ␤ ϭ ␥ ϭ /2) primitive cell with unequal lattice constants, the unit cell has the following dimensions: a ϭ 1.022 nm, b ϭ 0.599 nm, and c ϭ 0.473 nm. 6 In some other publica- Pnma notation is used throughout this paper. Single crystals (5 mm ϫ 5 mm ϫ 5 mm) of Cr-doped forsterite, a proven solid-state laser crystal, and powder samples prepared by grinding of single crystals in an agate mortar, were used as references for comparison of absorption, emission, and lifetime measurements with glass ceramic.
Absorption spectra were measured on a Cary 500 double-beam spectrophotometer. Spontaneous-emission spectra were measured on excitation with a 680-nm laser diode. Measurements of Cr 4ϩ luminescence decay were made on excitation with a Q-switched Nd:YAG laser at 1064-nm wavelength, with a 5-ns pulse duration. The second harmonic, at 532 nm of the same laser, was used for excitation of Cr 3ϩ luminescence, providing Cr 3ϩ decay traces. The fluorescence was detected with a 20-MHz bandwidth InGaAs photodiode with ϳ5-Hz repetition frequency. Decay traces were recorded on a Tektronix TDS 684a oscilloscope and were transferred to a PC. To improve the signal-to-noise ratio we averaged 300-1000 traces for each measurement. A Janis Research cryostat and a Lake Shore Cryotronics controller were used to control the temperature in the range of 77-350 K to within 0.1-K accuracy.
Excited-state absorption spectra were measured with a setup similar to the setup described in Ref. 7 . Two lockin-amplifiers were used to measure changes in intensity of light passed through pumped and unpumped samples. A cw Nd:YAG laser was used as the pump source, a 75-W Xe-arc lamp was used as the probe light source, a 0.3-m scanning monochromator was used to select the wavelength, and a photomultiplier was used as the detector. The measured (I p Ϫ I u )/I u value (where I p and I u are the intensities of light passed through pumped and unpumped samples, respectively) represents relative changes in the intensity of light passed through the pumped and unpumped samples; this value can be positive (bleaching of the sample) or negative (darkening of the sample). Absorption and emission spectra of single-crystal bulk forsterite are strongly polarized. The following properties should be taken into account when a comparison of overall performance of single crystals and glass-ceramic is made. The averaged absorption spectrum shows how much power from the pumping source will populate the metastable level of Cr 4ϩ because all excitation will relax immediately to the metastable level, regardless of polarization. Emission from the metastable level is polarized along Eʈa (long axis); this direction is used for lasing and amplification in single crystals. In glass-ceramic, nanocrystals are randomly oriented; only those nanocrystals will participate in lasing or amplification that have projection of the a axis perpendicular to the direction of wave propagation. This will reduce slope efficiency compared with that of single crystals to approximately 2/3 of its previous value but will not suppress it completely, because none of the polarizations has absorption in the range of emission. Glass-ceramic may contain both Cr 3ϩ and Cr 4ϩ ions in the host glass and in the crystal phase. The absorption spectrum of glass-ceramic is typical for the Cr 4ϩ absorption band at 900-1100 nm, corresponding to the 3 A 2 -3 T 2 transition, and for the structured band at 580-800 nm similar to those attributed to 3 A 2 -3 T 1 transitions in bulk forsterite crystals.
RESULTS AND DISCUSSION

A. Absorption and Emission
As shown in Fig. 2 Figure 3 shows polarized ESA spectra of bulk forsterite [ Fig. 3(a) ] and the ESA spectrum of glass-ceramic following pumping by the cw Nd:YAG laser into the 3 T 2 band [ Fig. 3(b) ]. In the entire range of the measured spectrum, (I p Ϫ I u ) /I u values are positive; the bleaching of samples corresponds to depopulation of the ground state in the absence of absorption from the metastable level. This behavior is typical of Cr 4ϩ ions in olivines. 8 The positions of the maxima and the relative intensities of the bands are similar in bulk forsterite and glass-ceramic, indicating that Cr 4ϩ ions in glass-ceramic are in a forsterite crystalline phase. Figure 4 shows fluorescence spectra of bulk Cr-doped forsterite and glass-ceramic at 300 and 77 K taken on excitation at 680 nm. Powdered Cr-doped forsterite was used for measurements to prevent polarization dependence. The ratio Cr 3ϩ /Cr 4ϩ was approximately 1/9 in this sample. The excitation wavelength is suitable for both the 4 T 2 absorption band of Cr 3ϩ and the 3 T 1 absorption band of Cr 4ϩ (Fig. 2) , and the resultant emission spectra contain both Cr 3ϩ and Cr 4ϩ luminescence. As is shown in Fig. 4 , the emission spectra of glassceramic and forsterite are very similar. Each contains two bands, with maxima located at 900 and 1100 nm. These bands are typical for Cr 3ϩ -and Cr 4ϩ -doped materials and are attributed to the Cr 3ϩ 4 T 2 -4 A 2 transition (900-nm band) and the Cr 4ϩ 3 T 2 -3 A 2 transition (1100-nm band). The relative intensities of Cr 3ϩ and Cr 4ϩ emission depend on temperature: Cr 4ϩ emission decreases with temperature owing to nonradiative quenching of Cr 4ϩ fluorescence and is discussed below. The temperature quenching of Cr 4ϩ emission is strong, and at low temperatures the intensity of Cr 4ϩ emission is more than 10 times stronger than that of Cr 4ϩ emission at room temperature. This is the reason for the predominance of Cr 4ϩ emission at low temperature. The low-temperature Cr 4ϩ emission spectra exhibit peaklike features caused by the phonon structure of the vibronic band under weak electron-phonon coupling. The Cr 4ϩ emission band in glass-ceramic has a much smoother structure than in single-crystal forsterite. This effect may be due to the variation of strength and symmetry of the crystal field of the Cr 4ϩ ions in the nanocrystallites. This variation may be due to the nonuniform size of the nanocrystals, to distortions in the crystal lattice, or to stresses on the crystal-glass interface. Fig.  5(a) ; the decay is highly nonsingly exponential. The luminescence of transition-metal ions in the glass phase is characterized by a multitude of occupied sites, leading to a multitude of decay constants. A number of processes can be involved in this phenomenon: Weaker fields produce stronger nonradiative decay, 9,10 radiative probability can change with modification of the local environment, 11 and energy transfer can occur between ions. 12, 13 To analyze the data shown in Fig. 5 we used continuous function decay analysis, which was proposed in Refs. 14 and 15 for the analysis of multisite impurity-activated solids. In this method, a continuous distribution of lifetimes rather than a number of discrete contributions is used. The advantage of this method is that no luminescence decay model or physical model of the material is required a priori. Assuming that sites are characterized by a continuous distribution of decay constants A(), the luminescence decay is given by
B. Cr 3ϩ Fluorescence Dynamics
In the calculation the continuous decay time distribution is replaced by a discrete distribution of decays spaced logarithmically:
To recover distribution function A() from the experimental luminescence decay, the 2 function is minimized. 2 is defined as
where I ex (t k ) is the experimental emission intensity at time t k , I(t k ) is the calculated intensity given by expression (2), and k is the weighting of the data point. The procedure for calculating k and the fitting algorithm is described in detail in Ref. 15 . The recovered decay time distributions for the decay in Fig. 5(a) are shown in Fig. 5(b) . The distribution at a temperature is a composition of two broad Gaussian-like distributions. The maximum of the first distribution does not depend on temperature and is located at Ϸ 10 Ϫ5 s. The maximum of the second distribution is shifted from ϳ10 Ϫ5 s at 80 K to ϳ2 ϫ 10 Ϫ6 s at 320 K; the lifetime decreases with increasing temperature. Arrows in Fig. 5(b) indicate the maxima of the decay time distributions. As there are two maxima, we conclude that there are two types of Cr 3ϩ center in the glass-ceramic. The decay of Cr 3ϩ broadband fluorescence in bulk Cr:Mg 2 SiO 4 is singly exponential with decay constant 13 s and does not depend on temperature. 16 This value is close to the position of the temperature-independent maximum (ϳ10 s) of the decay time distribution, as discussed in the previous paragraph. We conclude that the decay described by this distribution belongs to Cr 3ϩ centers in forsterite nanocrystals. As was is shown in Ref. 15 , continuous function decay analysis gives reasonable values of the width of the lifetime distribution only for centers with a wide range of lifetimes. In our case, the decay of Cr 3ϩ in nanocrystals is described by a wide distribution of lifetimes; the width of the distribution is more typical for glasses than for crystals (even if the crystals are slightly distorted).
Numerous publications on Cr 3ϩ doped glasses show that Cr 3ϩ luminescence is strongly quenched by nonradiative processes. [17] [18] [19] [20] The cause of quenching is nonradiative transitions from the metastable 4 T 2 level to the ground 4 A 2 level. Nonradiative relaxation is described by use of the adiabatic potentials model and involves many factors such as the Huang-Rhys parameter, phonon energy, and the energy of the zero phonon transition. 9, 21 In a simplified model the probability of nonradiative transitions obeys the activation energy relation where W 0 is a constant, ⌬ is the energy gap between the bottom of the 4 T 2 level and the crossing point between 4 T 2 and 4 A 2 adiabatic potentials, k is the Boltzmann constant, and T is the temperature. As a rule, energy gap ⌬ in glasses is smaller than in crystals. The reason is the softness of the glass structure compared with that of crystals: Local bonding rather than the overall crystallographic structure determines the local arrangement of ions. In the ground state, Cr 3ϩ has a strong preference for sixfold octahedral coordination; but when the ion is raised to the excited 4 T 2 state this preference no longer exists, and its coupling to neighboring ions is changed without the requirement for sixfold coordination. The local ionic complex can then adjust to a different coordination. 19, 23 This effect leads to a larger Stokes shift and an enhanced rate of nonradiative transitions. Site-to-site variation of the crystal field leads to variation in energy of the 4 T 2 level and therefore to a variation of ⌬ (which is several times larger than the energy changes of the 4 T 2 level). 20 The changes in ⌬ produce a wide distribution of decay times. If we assume a Gaussian distribution of the strength of the crystal field at Cr 3ϩ centers in the glass, then the exponential dependence of the nonradiative decay rate [expression (4)] gives a Gaussian-like distribution plotted on a logarithmic X axis.
The considerations detailed above show that we can reasonably suppose that the temperature-dependent distribution recovered in our experiments [ Fig. 5(b) ] belongs to Cr 3ϩ luminescence in the glass phase. Taking into account the position of the maximum of the distribution, we obtain the value ⌬ ϳ 700 cm Ϫ1 for the activation energy. Figure 6 shows the decay of the fluorescence of bulk forsterite and of glass-ceramic at several temperatures under excitation of the Cr 4ϩ absorption band. The fluoresence decays of glass-ceramic and of forsterite were recorded under the same experimental conditions on excitation with an Nd:YAG Q-switched laser (1064 nm). At this wavelength, only Cr 4ϩ centers are excited, and there is no fluorescence from Cr 3ϩ centers. The decay of glassceramic is nonsingly exponential, whereas forsterite decay is singly exponential at any temperature. There are several mechanisms that can cause nonsingly exponential decay. First, energy transfer can occur between Cr 4ϩ ions, leading to self-quenching of luminescence. For this type of decay the temporal evolution of luminescence is expressed as 12, 13, 24, 25 
C. Cr 4ϩ Fluorescence Dynamics
where is a decay constant in the absence of ion-ion interaction (1/ ϭ 1/ rad ϩ 1/ nrad ); ␥ (s) is a coefficient that depends on the concentration of ions and on the probability of energy transfer; and s ϭ 6, 8, 10 for dipole-dipole, dipole-quadrupole, and quadrupole-quadrupole interaction, respectively. Second, the energy can be transferred from Cr 4ϩ ions in nanocrystals to the glass host by an inductive-resonant mechanism. 26 The electronic transitions from 3 T 2 to 3 A 2 vibronic levels of Cr 4ϩ can inductively excite vibrational levels of the glass matrix. It was shown that this mechanism may be responsible for nonradiative quenching in transition-metal ions in liquid and solid-state environments. 27, 28 The nonradiative rate is inversely proportional to the third power of the distance from the Cr 4ϩ ion to high-frequency oscillators in the glass, inducing nonradiative transitions. Randomly distributed Cr 4ϩ ions in nanocrystals have a range of distances from R to 0 between Cr 4ϩ ions and the surrounding glassy host, where R is the radius of the nanocrystal. Integration over all possible distances should give a nonsingle exponential decay similar to the decay described by expression (5) . In spite of the lack of published data devoted to such types of quenching, we believe that this mechanism should be considered in the case of glass-ceramic, where the size of the nanocrystals is only a few times greater than the lattice parameter of the nanocrystals and therefore the distances are small enough to induce effective inductive quenching.
Third, the nonexponential decay can be caused by the sum of independent decay activity from a variety of sites in the distorted lattice.
Nonexponential decay described by the first or the second mechanism should be characterized by a continuous distribution of decay constants with one maximum. If there is a continuous distribution of many centers in similar environments in a distorted lattice, the distribution of decay constants should also have one maximum. Figure 7 (a) shows the decay of luminescence of glassceramic (solid curve) and of bulk forsterite crystal (dotted curve) for comparison at 80 K under the same experimental conditions. The recovered distribution of decay constants is shown in Fig. 7(b) . The decay constant's distribution has two clear maxima, at ϳϪ4.65 and ϳϪ5.35 on a logarithmic X axis, which correspond to 22 and 4.5 s, respectively. Because the distribution has two maxima, we can conclude that none of the mechanisms considered above dominates in the decay dynamics, and Cr 4ϩ fluorescence cannot be explained by as being due to single type of optical center.
The positions of both maxima depend on temperature. The temperature dependencies of long-and short-decay constants are shown in Figs. 8(a) and 8(b) , respectively. Figure 8 (a) also shows the temperature dependence of the lifetime of forsterite taken under the same experimental conditions for comparison. The two-maxima distribution clearly indicates that two types of Cr 4ϩ center participate in the decay but not through any of the nonradiative energy transfer mechanisms discussed above. The reason for the dependence of lifetimes (both long and short) on temperature is internal cross-state nonradiative transitions, similar to the quenching discussed for Cr 3ϩ . The temperature dependence of the long-lifetime decay constant is similar to those in bulk forsterite, and we conclude that this decay belongs to Cr 4ϩ in the nanocrystal phase. The second short-lifetime decay probably belongs mostly to Cr 4ϩ luminescence in the glass phase. A similar result was obtained in the research reported in Ref. 5 , and we confirm this result by analysis without the a priori assumption of the type and number of Cr 4ϩ centers.
At low temperature the probability of Cr 4ϩ decay is determined mainly by radiative probability. There is some reduction of the Cr 4ϩ decay constant at low temperature in the crystal phase of glass-ceramic in comparison with bulk forsterite; therefore the probability of radiative decay (W rad ϭ 1/ rad ) is higher in glass-ceramic than in bulk forsterite.
There are several physical mechanisms that can affect the radiative lifetime in glass-ceramic.
First, when the crystalline particles are much smaller than the wavelength of light, the local electric field acting on Cr 4ϩ ions is determined by the combined effects of the crystallite medium of the nanoparticles and that of the surrounding medium of the glass. The strong effect of the surrounding medium was observed in the research reported in Ref. 28 
where f(ED) is the oscillator strength for the electric dipole transition, is the wavelength in vacuum, and n is the refractive index. The effective index of a two-phase medium can be estimated as 28 n eff ϭ xn nano ϩ (1 Ϫ x)n med , where x is the filling factor that shows what fraction of space is occupied by nanocrystals and n nano and n med are the refractive indices of the nanoparticles and the surrounding matrix, respectively. The use of n eff is valid when the size of the particles is much smaller than the wavelength of light; this condition is well satisfied in our case.
Second, the forsterite lattice of nanocrystals can be distorted by mechanical stresses arising in the glassceramic or by chemical substitution of other ions for the Mg and Si cations in the lattice. There may be defects in the nanocrystalline lattice because of the structural transition between the lattice surface and the host medium. Modifications of the lattice will cause rearrangement of the Cr 4ϩ local environment, changing the oscillator strength and thus changing the radiative decay rate.
The lifetimes of Cr 4ϩ luminescence in glass-ceramic and forsterite at low temperature are 22 and 26 s, respectively [ Fig. 8(a) ]. Using expression (6) and from Ref. 29 , we obtain n eff ϭ 1.73 to explain the reduction of the lifetime measured experimentally. Filling factor x is 0.3 (Ref. 5); therefore the refractive index of the glass phase requires that n med ϳ 1.76 to explain the difference in radiative lifetimes between glass-ceramic and forsterite. Our rough measurements of the refractive index of glassceramic in the visible range of the spectrum give n eff р 1.6; more-accurate measurements in the infrared are needed. The refractive index of glasses is less than that of crystals, so the shortening of the radiative lifetime of glass-ceramic compared with that of bulk forsterite crystals is unlikely explained by modification of the refractive index. We conclude that the slight reduction of the lowtemperature lifetime is caused by distortion of the nanocrystal lattice; another indication of the distortion of the lattice is broadening of the low-temperature Cr 4ϩ fluorescence spectrum discussed above.
CONCLUSIONS
In conclusion, spectroscopic properties of chromiumdoped transparent forsterite glass-ceramic have been studied and compared with those of bulk forsterite. Both Cr 3ϩ and Cr 4ϩ centers are formed in glassy and crystalline phases. The Cr 4ϩ emission is affected by distortion of the forsterite nanocrystal lattice. The properties of Cr 4ϩ emission in the nanocrystal phase of glass-ceramic that determine the overall performance of glass-ceramic as an active medium in the near infrared (absorption coefficient, radiative probability, and nonradiative quenching) are approximately the same as those in bulk forsterite.
This makes Cr 4ϩ forsterite glass-ceramic a promising medium for fiber-optic and waveguide applications.
